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Computerized tomography is a non-intrusive diagnostic technique that can be used to analyze ﬂame
structure. This work describes a new algebraic algorithm for tomographic reconstruction of conﬁned lam-
inar axisymmetric ﬂames, considering effects of refraction and divergence of light. A ﬂame cross section is
divided in a number of concentric rings of constant refraction indexes with the light rays being refracted
at ring interfaces. The algorithm is initially tested with a theoretical ﬂame model placed at different cam-
era distances, with several digital camera resolutions and with different thickness of the conﬁning ﬂame
quartz tube. Then, the algorithm is applied to the reconstruction of CH⁄ and C2 emissions in co-ﬂow dif-
fusion ﬂames, considering refraction throughout the ﬂame and across the burner quartz tube. The inﬂu-
ence of refraction and divergence of light on ﬂame tomography reconstruction appears to be signiﬁcant
depending on the parameters values chosen for the theoretical and experimental setup.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Fossil fuel burning produces most part of the energy consumed
in the world today and, according to the US Energy Information
Administration (2011) [1], it will remain the most signiﬁcant
source of energy in the next decades. Conventional combustion
technologies, employed in internal combustion engines, gas tur-
bines, thermoelectric power plants, heaters and other devices,
are responsible for environmental problems such as greenhouse ef-
fect, ozone layer destruction, release of toxic gases, particulate
emissions, among other issues.
As a consequence, there is a strong motivation for improvement
of diagnostic tools in order to analyze and control combustion pro-
cesses, aiming to reduce fuel consumption and pollutants emis-
sion. Among these tools, computerized tomography (CT), that is a
non-intrusive diagnostic technique that allows 3D reconstructionll rights reserved.
stitute of Aeronautics, Praça
28-900, São José dos Campos,
.
uti), fernando@lcp.inpe.br (F.of ﬂame structure, enabling determination of temperature ﬁelds,
distribution of reactive species and soot, local conditions of mix-
ture and heat release, ﬂame propagation velocity and other proper-
ties [2,3].
Tomography is the imaging of an object from its projections ob-
tained by transmission, emission or reﬂection of light, radiation,
sound or particles. Tomography made by measuring the chemilu-
minescence of species present in the ﬂame is called emission
tomography (ET).
Several tomography reconstruction techniques have been previ-
ously developed, e.g., using Fourier transforms and algebraic algo-
rithms [4]. Application of numeric techniques to invert the Abel
equation, with numerical derivation and integration, can introduce
signiﬁcant reconstruction errors [5,6]. Algebraic reconstruction
techniques (ARTs) may allow object reconstruction with a smaller
number of projections than other methods or with non-uniform
projections. In the limit case of axisymmetric objects, just one pro-
jection is sufﬁcient for the object reconstruction, but a generalized
inverse reconstruction is very sensitive to noise, especially near the
axis of revolution [7,8].
Analyzing the effect of light divergence on the ET reconstruc-
tion, an inverse relation between the object–detector distance
Nomenclature
a inner radius of fuel tube (mm)
b inner radius of oxidant tube (mm)
dFC ﬂame-camera distance (mm)
hq quartz tube thickness (mm)
n index of refraction ()
np number of pixels in a line of the camera’s sensor ()
pi projection data along the ith ray ()
r radial coordinate (mm)
s stoichiometric mass fraction ()
sij partial areas (mm2)
z vertical distance from fuel tube exit (mm)
DoF depth of ﬁeld (mm)
F# F-number ()
J0, J1 Bessel functions of ﬁrst kind ()
Ltheo theoretical ﬂame length (mm)
P projection vector ()
Pen Peclet number for kn ()
RG molar refractivity (cm3/mol)
S matrix of partial areas sij (mm2)
T local temperature (K)
T0 temperature at standard conditions (K)
VF fuel velocity at burner exit (mm/s)
Xi mole fraction of species i ()
Yi mass fraction of species i ()
Yi,0 mass fraction of species i at burner exit ()
amax maximum angle of refraction (rad)
b refractivity ()
ea arbitrary analytical emission function ()
ej emitted radiation in the jth ring ()
e emission proﬁle reconstruction vector ()
n radial non-dimensional coordinate ()
g longitudinal non-dimensional coordinate ()
q local molar density (mol/cm3)
q0 molar density at standard conditions (mol/cm3)
kn nth root of J0 ()
Subscripts
f ﬂame
F fuel
O2 oxidant
Superscript
 electronically excited state
L. Pizzuti, F. de Souza Costa / Fuel 106 (2013) 372–379 373and the divergence of light has been reported [4,9]. Ray deﬂection
due to refraction has been analyzed and visualized by shearing
interferometry technique [10] and by deﬂectometric methods
[11,12]. Those techniques for ray deﬂection analysis require lasers
for light beams generation and a system of mirrors to produce a
collimated beam.
Some of the most relevant recent research in the tomography
area has aimed to investigate 2D and 3D ﬂames either by using
multi lens CCD cameras or crossed-plane laser tomography.
The 2D chemiluminescence distributions of OH⁄, where the 
denotes an electronically excited state, in reaction zones of a near
laminar and a turbulent diffusion ﬂame, registered by ten Kepler-
telescopes surrounding the object and imaged onto an intensiﬁed
CCD camera was performed by Anikin et al. [13]. The reconstruc-
tions obtained with exposure times down to 200 ls reproducing
ﬁne structures of the ﬂames with a spatial resolution of 1 mm
were applied for the investigation of turbulent diffusion ﬂames
[14]. The three-dimensional instantaneous CT reconstruction dis-
tribution of chemiluminescence species (CH⁄ and C2) in a premixed
propane/air turbulent ﬂame was accomplished by Ishino and Ohi-
wa by using a custom built, ﬁlm based, 40 lens camera [15]. Later
the same technique was extended to estimate the local burning
velocity by acquiring two sequential measurements with time-
interval of 1.29 ms [16].
Hossein et al. [17] proposed a tomographic system using two
CCD cameras coupled with eight high-speciﬁcation imaging ﬁber
bundles to produce simultaneously eight image projections around
a ﬂame, capable of 3-D visualization and characterization of com-
bustion ﬂames in a practical furnace. Floyd and Kempf [18] used
emission-based CT to image a methane–oxygen Matrix burner con-
sisting of 21 laminar diffusion jet ﬂames, accomplishing good
agreement between the high resolution 3-D reconstructions from
48 views with the observed ﬂame shape. The resolved wavelength
of approximately 220 lm was sufﬁcient to capture the multiple
ﬂame fronts, showing the suitability of CT chemiluminescence for
wrinkled turbulent ﬂames. Bingham et al. applied crossed-plane la-
ser tomography to premixed turbulent ﬂames obtaining the mea-
sure of instantaneous ﬂamelet surface orientation, necessary for
the study of reaction sheet wrinkling due to turbulence [19].Since the light emitted by excited radicals within a ﬂame
spreads in all directions and most ﬂames show signiﬁcant gradi-
ents of density and temperature, the present work describes a
new tomographic reconstruction algorithm which accounts simul-
taneously for the inﬂuence of divergence and refraction of light on
the tomographic reconstruction of laminar axisymmetric diffusion
ﬂames. In the reconstruction algorithm the divergence and refrac-
tive effects are taken into account by considering divergent optical
paths (fan geometry) [4] and by introducing a theoretically calcu-
lated refraction index ﬁeld. The refraction ﬁeld can be inferred
from the temperature ﬁeld only if the pressure and composition
is known at each point within the ﬂame [20]. Thus a cylindrical
Burke–Schumann (BS) burner with an external quartz tube was
employed to generate laminar axisymmetric diffusion ﬂames of
methane (CH4) and liqueﬁed petroleum gas (LPG) in air at atmo-
spheric pressure. The ﬂame temperature and species distribution
ﬁelds, applied in the determination of the axisymmetric index of
refraction ﬁeld, are theoretically calculated based on a modiﬁed
Schvab–Zeldovich solution of the cylindrical BS problem [21].
Tomographic reconstructions are obtained from monochromatic
ﬂame images taken with a Charge-Coupled Device (CCD) sensor
digital camera coupled with optical ﬁlters. A single digital camera
was utilized as ET of axisymmetric ﬂames requires only one ﬂame
projection.
The ﬁndings of the present work may be useful for the ﬂame
tomography community by addressing the experimental condi-
tions which lead to minimum divergence and refraction effects
on tomography reconstructions of laminar ﬂames. Moreover it
shows that refraction and divergence of light have no considerable
effect on the tomographic reconstruction of ﬂames of the type
investigated in the paper.2. Tomographic reconstruction algorithm
In the work presented in this paper tomographic reconstruction
of local ﬂame scalar properties is based on the deconvolution of a
ﬁnite number of two-dimensional path integrated measurements
of chemiluminescence emitted by ﬂame radicals. Tomographic
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Fig. 1. Modiﬁed onion peeling ART model scheme: pi are projections values, sij are
partial areas in the ﬂame cross-section and ni are refraction indexes at each ring.
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making use of dedicated optical detector (CCD). The principles of
geometric optics were applied to analyze effects of divergence
and refraction of light passing throughout the ﬂame and across
the quartz tube surrounding the ﬂame.
Divergence is due to non-parallelism of light rays that reach the
optical detectors while refraction of light is due to changes in den-
sity and medium composition along the rays’ path.
The reconstruction algorithm considers optical paths divergent
in one dimension (fan) and ﬂame radiation refraction through
zones with density variations and through the quartz tube wall.
The rays are projected onto the unperturbed camera object plane
without considering the refraction across the camera lenses.
Index of refraction can be calculated by the Gladstone–Dale
equation [22,23]:
n ¼ 1þ qhRGi ð1Þ
where RG is the molar refractivity with units cm3/mol whose values
are tabulated by [22]. For a mixture the molar refractivity is given
by:
hRGi ¼
X
i
RGiXi ð2Þ
where Xi is the mole fraction of species i. Deﬁning the refractivity as
a dimensionless constant b ¼ hRGiq0 , where q0 is the molar density
in mol/cm3 at standard conditions, the index of refraction as a func-
tion of local density q or local temperature T is given by:
n ¼ 1þ b q
q0
¼ 1þ b T0
T
ð3Þ
According to Qin et al. [23], assuming a constant value for the
refractivity throughout an axisymmetric diffusion ﬂame, for exam-
ple, by assuming the local composition to correspond to that of air,
leads to an error of 34.5% in the temperature reconstruction. The
error is reduced to less than 10% when fuel concentration, theoret-
ically known, is used to approximate the value of refractivity for
the mixture in the jet fuel. The values of refractivity introduced
in Eq. (3), taking into account the fuel concentration distribution,
are therefore provided by
b ¼ YFbF þ ð1 YFÞbair ð4Þ
where bF is the fuel refractivity and YF is the fuel mass fraction. The
values of bF are thus of methane bCH4 = 0.0004478 and the value for
the mixture of gases of the LPG, bLPG = 0.0011176, determined by
applying Eq. (2). In the reaction zone and in the oxidant zone it is
assumed the local composition to correspond to that of air, as air
has, by far, the dominant mass fraction [23]. Therefore, in the oxi-
dant jet, the refractivity is assumed to be that of air, i.e.
bair = 0.000292. Using the Burke–Schumann approach for a reactive
co-ﬂow conﬁned jet, and considering diffusion of heat and species
in the radial and axial directions, the fuel mass fraction is deter-
mined by the following equation:
YF
YF;0
 YO2
sYF;0
¼ð1þmÞc2mþ2cð1þmÞ
X1
n¼1
1
kn
J1ðcknÞ
½J0ðknÞ2
J0ðknnÞexpð
1
2
PengÞ
 !
ð5Þ
where m ¼ YO2;0=ðsYF;0Þ, YF,0, YO2,0, YO2 and s are the fuel and oxidant
mass fractions at burner exit, local oxidant mass fraction and stoi-
chiometric mass fraction, respectively. J0, J1 are the Bessel functions
of ﬁrst kind, kn is nth root of J0, Pen ¼ Pe ðPe2 þ 4k2nÞ1=2 is the Peclet
number for kn and c = a/b is the ratio between fuel tube radius a, and
quartz tube inner radius b. Variables n and g are radial and longitu-
dinal non-dimensional coordinates.
Non-dimensional ﬂame length, gf, was calculated from Eq. (5)
for overventilated diffusion ﬂames considering n = 0 and YO2 = -
YF = 0, yieldingð1þ mÞc2  mþ 2cð1þ mÞ
X1
n¼1
1
kn
J1ðcknÞ
½J0ðknÞ2
expð1
2
Pengf Þ
 !
¼ 0 ð6Þ
Theoretical ﬂame length, Ltheo = bgf, was used for comparison
with experimental ﬂame length [21,24].
The dedicated algebraic reconstruction technique developed is
an extension of the classic onion peeling deconvolution technique
[25,26], in order to account for the effects of divergence and refrac-
tion. As schematically illustrated in Fig. 1, each pixel of the CCD
sensor integrates the ﬂame emitted radiation along each line of
sight (optical path). Hereafter in this article the volume inside
the quartz tube will be referred to as ﬂame region. The ﬂame re-
gion cross-section is divided in a number of concentric rings equal
to the number of pixels that, in a line of the sensor, receive ﬂame
radiation. This number is proportional to the resolution of the uti-
lized CCD sensor. Emitted radiation, temperature and index of
refraction are assumed uniform and constant in each ring.
The thickness of each ring is determined by the dimensions of
the pixel, by the number of pixels in a line of the camera’s sensor,
np, i.e. the camera resolution, by the ﬂame-camera distance, dFC, as
well as by refraction and divergence effects. Therefore, in general,
concentric rings in the ﬂame cross-section do not have the same
thickness.
Refraction in the quartz tube was considered by dividing the
tube in rings with same thickness, since the quartz tube wall
may comprise several pixels of the image. For the whole quartz
tube was assumed the refraction index of quartz at 20 C, equal
to 1.4585.
Light rays are refracted each time they cross the interfaces be-
tween two rings of different refraction index and the angles of inci-
dence and refraction were calculated by using Snell’s law. The large
difference between refraction indexes of quartz and ﬂame may
cause light reﬂection. Maximum angle of refraction amax is deﬁned
by sinamax ¼ njþ1=nj, where j + 1 and j subscripts refer to media
with lower and higher refraction indexes, respectively. For angles
of incidence larger than amax the light rays are totally reﬂected.
ART are based on a representation of the projection line inte-
grals as discrete ray sums [4]. The problem of tomographic recon-
struction becomes to solve a system of linear equations in the
form:
pi ¼
XN
j¼1
sij  ej ð7Þ
where ej represent the unknown image function values, i.e. the
ﬂame emitted radiation, constant in each ring, and the solution is
expressed in terms of the given projection data pi. The subscripts i
and j represent the ray index among I rays within all projections
and the ring index among J rings, respectively. The partial areas,
Fig. 2. Test emission function and theoretical temperature proﬁle.
1 2 3 4 5 6
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 200 400 600 800 1000
0
1
2
3
4
5
0 200 400 600 800 10000
1
2
3
4
5
1 2 3 4 5 6
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 1000 2000 3000 4000 5000
0.0
0.5
1.0
1.5
2.0
2.5
0 1000 2000 3000 4000 5000
0.0
0.5
1.0
1.5
2.0
2.5
M
ea
n 
pe
rc
en
ta
ge
 e
rro
r
hq (mm)
R=[0,10]
PR
DR
DR-RF
DR-RF-RQ
M
ea
n 
pe
rc
en
ta
ge
 e
rro
r
dFC (mm)
R=[10,20]
M
ea
n 
pe
rc
en
ta
ge
 e
rro
r
dFC (mm)
R=[10,20]
M
ea
n 
pe
rc
en
ta
ge
 e
rro
r
hq (mm)
R=[0,10]
M
ea
n 
pe
rc
en
ta
ge
 e
rro
r
Number of pixels
R=[10,20]
M
ea
n 
pe
rc
en
ta
ge
 e
rro
r
Number of pixels
Fig. 3. Average percentage errors during reconstruction of the test emission
function in regions R = [0,10] and R = [10,20] mm, varying ﬂame-camera distance,
quartz thickness and number of pixels.
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sampling grid on the ﬂame cross-section. The ﬂame emitted radia-
tion of the outermost ring e1, is obtained by dividing the projection
data p1 by the partial area s11. Once known e1, s21 = s021 + s0021 and
s22, e2 is calculated as e2 = (p2  s21e1)/s22, and so on. Due to diver-
gence and refraction of light, the partial areas s0 ij and s00ij are not
equal. The reconstruction process is performed line after line from
the quartz tube inner boundary to the ﬂame axis of symmetry. Eq.
(6) written in vector format yields:
½P ¼ ½S  ½e ð8Þ
where e and P are the emission proﬁle reconstruction vector and the
projection vector, respectively, while S is the matrix of partial areas
sij. For a given camera resolution, camera distance, quartz thickness
and considering the refraction and divergence effects the matrix S is
fully determined. Essentially, algebraic reconstruction techniques
consist on an iterative method for solving equation systems. At mo-
ment, no ﬁlters or normalization factors are introduced in this
reconstruction technique. The algorithm can be applied to each line
of the ﬂame image. Resolution of the system in Eq. (7) is direct and
involves low computational effort, since matrix S is triangular.
The proposed reconstruction algorithm, hereafter referred to as
DR–RF–RQ algorithm, accounting for divergent rays, refraction in
the ﬂame region and refraction in the quartz tube wall, was com-
pared with three simpler algorithms:
 PR: the classic onion peeling deconvolution technique account-
ing for parallel rays and no refraction.
 DR: onion peeling deconvolution technique considering diver-
gent rays (fan beam geometry) and no refraction.
 DR–RF: onion peeling deconvolution technique considering
divergent rays and refraction in the ﬂame region.
For these three cases the dimensions of matrix S are the same as
the quartz tube wall is not taken into account. In the DR–RF–RQ
algorithm, the quartz tube wall is considered, leading to an in-
crease in the number of pixels involved and consequently of the
dimensions of the matrix S. The eventual presence of reﬂected rays,
depending on dFC and the quartz tube thickness, hq, affects the
dimensions of S. Nevertheless, in order to compare the four algo-
rithms, the dimensions of S have to be the same. This is obtained
by cutting, from the S matrix of the DR–RF–RQ algorithm, the lines
and columns related to the quartz tube after the reconstruction has
taken place. Hence, the refraction in the quartz tube is considered
and it is possible to compare the reconstructions in the four cases.
The presented algorithm was implemented in the Matlab pro-
gramming language yielding results for the theoretical and exper-
imental approach.
3. Theoretical results
Initially the reconstruction algorithm was tested considering
the projections of a known arbitrary analytical emission function.
The parameters values that minimize the reconstruction errors
were determined by varying dFC, np, and hq.
The arbitrary analytical emission function, shown on the left of
Fig. 2 and given by the following equation:
eaðrÞ ¼
ðt=mÞr þ 1; 0 < r < m
ðt=mÞr þ 1þ 2t; m < r < 2m
ðt=mÞr þ 1 2t; 2m < r < 3m
ðt=mÞr þ 1þ 4t; 3m < r < 4m
8>><
>>:
ð9Þ
where r is the radial coordinate, t = 0,25 andm = 5 mm, was utilized
along with the radial temperature ﬁeld, shown on the right of Fig. 2.
The theoretical temperature proﬁle, which provide the refractionindex ﬁeld by applying Eq. (3), is derived for axisymmetric diffusion
ﬂames of CH4 in air, considering axial and radial diffusion of heat
and mass, as detailed by Pizzuti [21]. Emission function projection
of Eq. (8) was obtained by solving Eq. (7), considering S of the
DR–RF–RQ case, which is the closest case to reality. Reconstructions
of the analytical emission function were obtained through Eq. (6)
for the four cases considering, for each case, the corresponding S
matrix.
The reconstructed functions are calculated in a number of
points, equal to the number of optical paths in the region of inter-
est, [0,20] mm, depending on the values of the parameters dFC, np,
and hq used, as discussed in the algorithm description. Comparison
between the original emission function, calculated at 1000 points,
and the reconstructed functions in a lower number of points, was
done using the Piecewise Cubic Hermite Interpolating Polynomial
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376 L. Pizzuti, F. de Souza Costa / Fuel 106 (2013) 372–379(PCHIP), optimized for non-smooth functions, allowing interpola-
tion of the reconstructed functions in the desired number of points,
i.e. 1000 in this case.
Fig. 3 shows average percentage reconstruction errors in radial
regions from 0 to 10 mm and from 10 to 20 mm among the test
function and that recovered by the algorithm. First line of Fig. 3
shows the effects of increasing dFC on reconstruction errors, for
hq = 2 mm and np = 3232. For small dFC, the PR case resulted in an
error higher than 2% in the [0–10] mm region and smaller than
5% in the [10–20] mm region, whereas the other cases showed an
error in the range 0.5–1%. Hence, the inﬂuence of light divergence
is more signiﬁcant at points far from the ﬂame axis. Increasing dFC,
the reconstruction error, in PR case, decreases with an approxi-
mately hyperbolic proﬁle, following the reduction on divergence
angles. A minimum error of less than 0.6% was found for dFC
between 400 and 600 mm for all analyzed cases. A further dFC in-
crease causes a new error increase as the image resolution de-
creases, probably due to larger numerical errors caused by
smaller angles and intersection areas sij. Reconstruction errors in
the DR and DR–RF cases have similar proﬁles and values lower
than 1%. The dFC parameter affects these errors in a less signiﬁcant
way than in the PR case, which indicated that the effect of light
divergence is more important than refraction for small dFC.
Second line of Fig. 3, obtained considering dFC = 500 mm and
np = 3232, indicated that average percentage reconstruction error
increased approximately linearly with quartz tube thickness in
cases PR, DR and DR–RF. Reconstruction error decreased approxi-
mately linearly with hq in DR–RF–RQ case, as decreases the numer-
ical error associated with reconstruction in the quartz tube.
Third line of Fig. 3, considering hq = 2 mm and dFC = 500 mm,
shows that average percentage reconstruction errors decrease
approximately hyperbolically with increasing image resolution,
in all considered cases. For np = 3232 the emission function average
reconstruction error is lower than 0.7%.
In all plots of Fig. 3, in the DR–RF–RQ case, the reconstruction
error was lower than 0.3% in the [0–10] mm region and lower than
0.4% in the [10–20] mm region, for values of the parameters of our
interest and using the PCHIP interpolating function. From this anal-
ysis follows that, in order to minimize the divergence and refrac-
tion effects, hq has to be the lowest, np the highest possible, and
dFC within 400 and 600 mm.4. Experimental study
The experimental setup of the burner and of the optical system
is presented in this section.
A Burke–Schumann burner was built to obtain images of axi-
symmetric diffusion ﬂames for tomographic reconstruction with
the present algorithm and also to check effects of divergence and
refraction in a real situation. The burner design was based on a
simpliﬁed theoretical analysis [21] which allowed the estimation
of ﬂame length, temperature distribution, and refraction indexes
inside the ﬂames.
The burner has two steel coaxial tubes with a quartz tube on
top. Fuel ﬂows through the inner tube and air ﬂows between inner
and external tubes. The quartz tube, with hq = 2 mm, allows ﬂame
visualization and keeps air and fuel ﬂows parallel, avoiding ambi-
ent air entrainment, and allows operation with temperatures
above 1400 K. Fig. 4 shows a schematic view of the burner and sup-
ply lines. Fuel and oxidant tubes have internal diameters of 8 mm
and 42 mm, respectively. Fuel ﬂows through ﬁve steel screens uni-
formly spaced by 60 mm, with the last screen located 10 mm be-
low the tube exit. Air ﬂow passes through 3 screen layers, then
through a 25 mm layer of 1 mm diameter glass beads and, then,
through other seven layers of screens to laminarize air ﬂow. Theburner external tube holds and aligns the quartz tube which is sup-
ported on steel screens. Only overventilated ﬂames were studied.
Mass ﬂuxes of reactants were kept equal for ﬂames of different
lengths, by using a mass ﬂow controller and a rotameter for fuel
and air ﬂows, respectively.
A Sony Cyber-shot DSC-F828 CCD-sensor digital camera was
used to acquire the images for emission tomography. Setting the
full manual option this camera allows choosing the exposure time
and the F-number value F#, i.e. the ratio between the focal length
and lens aperture. Optical parameters adopted for taking pictures
were dFC = 500 mm and depth of ﬁeld DoF = 50 mm for F# = 2.0,
[27]. Focus distance was manually set to be equal to dFC. No zoom
was used. Pictures, with 8 megapixel resolution, i.e., 3232 pixels in
a sensor line, and ISO 100, were saved as RAW ﬁles, thus avoiding
the camera to perform any onboard signal processing.
For the adopted optical parameters, the exposure times which
avoid images saturation, providing adequate information about
the ﬂame, were experimentally determined to be 1/4 s and 1/13 s
for CH⁄ and C2, respectively. Optical interference ﬁlters of wave-
lengths 435.8 nm and 514.5 nm, respectively, and FWHM (Full
Width at Half Maximum) of 10 ± 2 nm, were coupled to the digital
camera to capture emission proﬁles of CH⁄ and C2. The effects of
diffraction and refraction through these ﬁlters were not accounted
for in the reconstruction algorithm.
According to the very poor available info [28], the on-board
camera image processor handle the linear matrix processing to
map the four-channel sensor data, Red, Green, Blue, Emerald
(RGBE) RAW ﬁle, back into the usual Red, Green, Blue (RGB) color
space RAW ﬁle. Therefore the emerald channel data is not avail-
able. The RGB RAW ﬁles were converted in Tagged Image File For-
mat (TIFF) viewable images using the Sony Image Data Converter
dedicated software, without additional manipulation. The RGB TIFF
images were read by the reconstruction Matlab program and only
the blue and green channels were considered, respectively, for CH⁄
and C2 emission reconstructions. The red channel of the sensor
contains almost no data due to the use of interference ﬁlters that
cut the wavelength of red light. Therefore considering this channel
would only add noise to the results. Noise reduction was obtained
by applying a 3  3 average ﬁlter to the images which were then
normalized in a (0–255) emission scale [29]. Image areas outside
the quartz tube and under burner exit were cut to reduce process-
ing time.
Table 1
Theoretical and experimental ﬂame lengths for CH4–air.
VF (mm/s) 60 80 100 120 140 160 180 200
Ltheo (mm) 50 65 79 95 109 125 140 156
Lexp (mm) 45 61 81 94 114 130 146 159
Table 2
Theoretical and experimental ﬂame lengths for LPG–air.
VF (mm/s) 20 30 40 50 60 70 80
Ltheo (mm) 32 48 65 81 97 113 129
Lexp (mm) 27 45 69 85 97 110 124
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The experimental and theoretical ﬂame lengths of overventilat-
ed ﬂames were compared to verify the theoretical formulation.
Afterwards, the CH⁄ and C2 emission proﬁles for CH4–air and
LPG–air ﬂames, obtained considering the setup presented in Sec-
tion 4, are exhibited and reconstructed applying the developed
new algorithm.
Experimental ﬂames lengths were measured considering CH⁄
emission proﬁles [30], whereas theoretical ﬂame lengths were cal-
culated as described in Section 3. Diffusion coefﬁcient of CH4–air
ﬂames was assumed as the average value of binary diffusion coef-
ﬁcients of CH4 and O2 into N2 at 710 K while for LPG–air ﬂames was
assumed to be equal to diffusion coefﬁcient of C3H8 into N2 at
620 K. Diffusion coefﬁcients, set to constant values in the ﬂame,
provide at these temperatures a good theoretical ﬂame shape
and temperature ﬁeld agreement with experiments. It is particu-
larly useful as the predicted temperature ﬁeld is utilized to esti-
mate the refractive index ﬁeld in the reconstruction program.
For CH4 ﬂames the difference of theoretical and experimental
lengths decreased from 10% for small ﬂow velocities to 4–5%, when
increasing fuel velocity at burner exit, VF, as shown on Table 1. For
LPG ﬂames length, the percentage differences decreased from 16%Fig. 5. CH and C2 emissions for CH4–air ﬂames, on the left and on the right
Fig. 6. CH and C2 emissions for LPG–air ﬂames, on the left and on the righfor low speed ﬂows, due to errors in reading and full scale of ﬂow-
meters, to 4–5% for fuel velocities higher than 40 mm/s, as shown
on Table 2. For fuel injection velocities higher than 40 mm/s, the
ﬂame tip aperture phenomenon appeared [31].
Fig. 5 shows CH⁄ and C2 emission proﬁles for CH4–air ﬂames, for
VF increasing from 60 to 200 mm/s, with step of 20 mm/s. Fig. 6
shows CH⁄ and C2 emission proﬁles for LPG–air ﬂames for VF
increasing from 20 to 80 mm/s, with step of 10 mm/s. The vertical
distance from fuel tube exit is deﬁned as z. Notice that in CH⁄ emis-
sion proﬁles, left part of Fig. 6, a hole appears in the ﬁrst three
ﬂames. The set exposure time, chosen to avoid overexposure, re-
sults too short to capture the low CH⁄ emissions in such region,
determining a hole generation. The ‘‘horizontal bar’’ upstream of
this hole may be explained by emissions of soot generated within
the recirculation region adjacent to the burner exit. The blackbody
emission of soot particles, blurring the chemiluminescence signal,
makes difﬁcult the reconstruction of radical emissions in LPG
ﬂames [32]. Therefore, only the bottom region of LPG ﬂames, less
affected by soot particles emission than the ﬂame tip region, was
considered for tomographic reconstruction.
Figs. 7 and 8 show tomographic reconstructions of CH⁄ and C2
emissions for the CH4–air ﬂame of Fig. 5 with VF = 120 mm/s, and
for the LPG–air ﬂame of Fig. 6 with VF = 40 mm/s, respectively. Only
the radial region [0,12] mm, where the radiation emission is signif-
icant, is considered. These ﬁgures show the reconstruction of emis-
sion proﬁles normalized in a (0,255) scale, for three values of z,
chosen as 1/6, 1/2 and 5/6 of ﬂame length, for CH4–air ﬂame
whereas for LPG–air ﬂame have been chosen values of z close to
the burner exit under the ‘‘horizontal bar’’.
The ﬂame reaction zones are determined by the peaks in the ra-
dial emission reconstruction of radicals at different z positions. By
comparison of the two graphs of Fig. 7 it follows that CH⁄ and C2
emission proﬁles of CH4–air ﬂames are quite similar, as both radi-
cals are associated with the reaction zone. CH⁄ emissions peaks are
located at a fraction of mm on the right of C2 peaks, suggesting that
CH⁄ radicals are produced in a more external region of the reaction
zone than C2 radicals. The reconstruction emission normalization, respectively. VF increased from 60 to 200 mm/s with a 20 mm/s step.
t, respectively. VF increased from 20 to 80 mm/s with a 10 mm/s step.
Fig. 7. Radial distributions at different z of CH and C2 radical distributions for CH4–
air ﬂames for PR and DR–RF–RQ cases.
Fig. 8. Radial distributions at different z of CH and C2 radical distributions for LPG–
air ﬂames for PR and DR–RF–RQ cases.
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C2 emissions whereas the ﬂame bottom, close to the burner exit, is
the region with lower radical production.Finally, comparing RP and RD–RF–RQ cases the emission recon-
structions indicate a very small difference between them in the or-
der of 0.2%, not visible from the ﬁgure.
Fig. 8 shows CH⁄ and C2 emission reconstruction proﬁles of
LPG–air at z close to the burner exit. The CH⁄ and C2 emission
proﬁles show a similar trend whereas the CH⁄ emission peaks are
located further on the right than C2 emission peaks, thus conﬁrm-
ing the suggestion, given analyzing Fig. 7, that CH⁄ radicals are pro-
duced in a more external region of the reaction zone than the C2
radicals.
In analogy with the results of Fig. 7, comparing the RP and RD–
RF–RQ cases of Fig. 8 the emission reconstructions indicate a very
small difference between them in the order of 0.2%, not visible
from the ﬁgure.
Hence, the results indicate that divergence and refraction ef-
fects has small signiﬁcance for the present experimental setup,
according with the theoretical results obtained in Section 3, that
found a difference in the reconstruction errors of 0.15% between
the PR and DR–RF–RQ case.6. Conclusions
A new algebraic reconstruction algorithm for laminar axisym-
metric ﬂame tomography has been developed and tested with a
ﬂame model and applied to a real experiment. Different ﬂame-
camera distances, camera resolutions and quartz tube thicknesses
were analyzed. It was veriﬁed that, for short ﬂame-camera dis-
tances, the reconstruction error due to light divergence is more sig-
niﬁcant than the one due to camera resolution and to refraction
both in ﬂame region and across the quartz tube. Light divergence
effect and camera resolution decrease their inﬂuence on recon-
struction errors approximately hyperbolically with increasing dis-
tances and increasing number of pixels, respectively. The inﬂuence
of refraction of light in the ﬂame region, on the reconstruction er-
ror, is always small compared to the other effects present in the
analysis. The reconstruction error caused by refraction in the
quartz tube is signiﬁcant and increases almost linearly with tube
thickness. Besides, increase of resolution and distance can increase
numerical errors.
Considering the setup which minimizes the divergence and
refraction effects on the tomographic reconstruction, that is
ﬂame-camera distance of 500 mm, number of pixels in a sensor’s
line of 3232, and quartz tube thickness of 2 mm, the theory shows
that the light divergence effect is almost not signiﬁcant for this set-
up. The error in the reconstruction, when divergence and refraction
of light in the ﬂame region were considered, is approximately 0.4%,
which lowered to approximately 0.25% when refraction of light in
the quartz tube is taken into account.
Tomographic reconstruction of radical emissions allowed deter-
mination of radical distribution throughout the ﬂame and evalua-
tion of other ﬂame characteristics. Comparison of parallel ray
reconstruction with the new algorithm allows proving the inﬂu-
ence of refraction and divergence of light in a practical situation.
The setup for the experimental ﬂame study was chosen in order
to minimize the divergence and refraction effects on the tomo-
graphic reconstruction. The results show that the light divergence
effect is almost not signiﬁcant for this setup. Moreover divergence
and refraction effects has small signiﬁcance for the present exper-
imental setup, in accordance with the theoretical results that found
a difference in the reconstruction errors of 0.15% between the PR
and DR–RF–RQ case. Hence the inclusion of refraction and diver-
gence in the algorithm make a small difference in the recovered
ﬂame structure.
The present reconstruction method is not directly applicable for
tomographic reconstructions of turbulent ﬂames as they typically
L. Pizzuti, F. de Souza Costa / Fuel 106 (2013) 372–379 379have very thin, but strongly wrinkled ﬂame fronts, so that refrac-
tion of a single beam of light will occur many times at different
ﬂame fronts.
Nevertheless, depending on the required degree of accuracy of
the reconstruction and depending on the experimental setup,
which may not satisfy the conditions that minimize the divergence
and refraction effects, the inclusion of these effects in the recon-
struction algorithm may be necessary for axisymmetric laminar
ﬂames. Moreover the ﬁndings on quartz tube refraction effects
may be usefully included in tomographic reconstructions of turbu-
lent ﬂames. Finally, further studies could consider the effects of
absorption of light inside the ﬂame, three-dimensional tomo-
graphic reconstruction, and a more accurate determination of the
refraction ﬁeld.
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